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transversely isotropic material as smaller differences in modulus and strength have been reported between the 
radial and circumferential directions in earlier studies [1-3]. Bone is considered to be stronger in compression 
and weakest in tension or shear. Most of the earlier studies have been focused on the determination of shear 
properties of trabecular bone [4-6] whereas in very limited studies shear behavior of cortical bone have been 
discussed based on torsional and three point bending methods [7-8]. Turner et al. [9] observed that torsion 
often causes spiral fracture plane that corresponds to tensile rather than shear failure. They measured shear 
strength of cortical bone in longitudinal and transverse planes using Iosipescu and Arcan et al. [10] pure shear 
testing protocols. In one of our recent studies [11] we tried to find out the locational variation in shear 
properties of buffalo tibiae cortical bone using Iosipescu shear test method. In the present investigation we 
applied the same testing technique to determine the locational variation in shear properties of buffalo femoral 
cortical bone. As cortical bone is relatively weak in shear but weakest when loaded transversely in tension, 
tensile modulus of cortical bone in transverse orientation and at different locations of bone diaphysis is also 
estimated using uniaxial tensile test. The results obtained in the present study are further compared with 
results obtained for cortical bones in previous studies. 
2. Materials and Method 
The present work is performed on femoral cortical bone obtained from young buffalo of age about 24 months. 
The shear properties of cortical bone were evaluated using Iosipescu shear test method. In all twelve 
specimens were obtained from upper, middle and lower locations of the femoral bone diaphysis with 
dimensions 3 mm (thickness) x 20 mm (width) x 80 mm (length) and a 90° notch was cut on each edge of the 
specimen at the mid length to a depth of 4 mm as per the ASTM standard [12]. The schematic diagram of V-
notch Iosipescu shear test specimen is shown in Fig.1.  
The uniaxial tensile properties in transverse direction at three different locations of bone diaphysis were 
evaluated using dumbbell shape strip type specimens. In all twelve specimens were obtained from upper, 
middle and lower portions of the bone diaphysis with dimensions 2.5 mm thickness, 8 mm gauge length, 4 
mm gauge width and 22 mm total length for conducing the transverse tensile test (load being applied 
perpendicular to the long axis of bone). Poisson’s ratio was obtained with the help of biaxial extensometer of 
gauge length 25 mm.  
All specimens were preserved at room temperature in a solution of 50 % saline and 50 % ethanol solution 
until testing. A constant spray of water was supplied in order to keep the specimens wet and to avoid heating 
during cutting and polishing. The Iosipescu shear test and uniaxial tensile tests were performed on Zwick 
7250 Universal Testing Machine (25 T capacity). The shear strain at the region between V-notches was 
measured using strain gauge rosette of 3 mm gauge length during testing.  
In case of Iosipescu test a state of constant shear loading is induced through the middle section of the test 
specimen of the magnitude equal to the total applied load and the induced moment exactly cancel at the mid 
section of the specimen [13]. The Iosipescu shear test setup is shown in Fig. 2. The fixture mounted on Zwick 
machine is shown in Fig. 2(a) and cortical bone specimen fixed in between two jaws of Iosipescu shear fixture 
is shown in Fig. 2 (b).   
The values of average shear stress ( 12), shear strain ( 12), longitudinal shear modulus (G12) and transverse 
shear modulus (G23) were calculated using the same equations as used in our previous study [11].  
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Fig. 1. Different locations of femoral diaphysis from where the V-notch shear test specimens were cut. The 
key dimensions of the specimen were h = 20 mm, d = 4 mm, b1 = 12 mm, b2 = 3 mm and L = 80 mm. 
 
Fig. 2. Diagram showing the Iosipescu shear test setup, image (a) shows the fixture mounted on Zwick 
machine and image (b) shows the cortical bone specimen fixed in the Iosipescu test fixture. 
3. Results and Discussion 
The shear modulus for different planes of cortical bone and elastic modulus for transverse direction of loading 
were evaluated as described above for different locations of bone diaphysis. The values of elastic modulus 
(E2), Poisson’s ratio ( 23) and shear modulus (G12 and G23) obtained in the present study for different locations 
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of femoral bone diaphysis are listed in Table 1 and the corresponding values of these properties obtained in 
previous study for tibiae cortical bone are listed in Table 2 for comparisons. 
Table 1 Elastic modulus (E2), Poisson’s ratio ( 23) and Shear modulus (G12 and G23) of buffalo femoral 
cortical bone specimens at different locations of the bone diaphysis 
Specimen location       Upper diaphysis           Mid diaphysis          Lower diaphysis 
  
E2 [GPa]                                              14.6                           17.1                            12.4 
 
23                                                        0.45                           0.47                      0.44 
 
G12 [GPa]                                             6.7                             8.1                              6.3 
 
G23 [GPa]                                             4.3                             5.8                              5.1 
 
The values reported here are the average values. 
Table 2 Elastic modulus (E2), Poisson’s ratio ( 23) and Shear modulus (G12 and G23) of buffalo tibiae cortical 
bone specimens at different locations of the bone diaphysis [] 
Specimen location       Upper diaphysis           Mid diaphysis          Lower diaphysis 
  
E2 [GPa]                                              10.3                           11.5                              8.4 
 
23                                                        0.34                           0.35                      0.32 
 
G12 [GPa]                                             4.8                             5.6                              4.1 
 
G23 [GPa]                                             3.8                             4.3                              3.2 
 
 
The locational variation in mechanical properties as observed from Tables 1 and 2 is considered to be due to 
the arrangement of collagen fibrils and mineral particles, the amount of mineralization and crystallinity as 
well as the variation in porosity and density at different locations of bone diaphysis. It may be noticed from 
Tables 1 and 2 that the locational variation in given mechanical properties follow the same trend along both 
the femoral and tibiae bone diaphysis. The maximum and minimum values of transverse elastic modulus (E2) 
and shear modulus (G12 and G23) are obtained respectively at middle and lower locations of bone diaphysis in 
case of both femoral and tibiae cortical bone. The maximum and minimum values of transverse elastic 
modulus for femoral cortical bone are respectively 17.1 GPa and 14.6 GPa as per Table 1. Similarly the 
maximum and minimum values of shear modulus for femoral bone are found to be respectively 8.1 GPa and 
6.1 GPa for longitudinal shear and 5.8 GPa and 4.3 GPa for transverse shear. The comparison of mechanical 
properties from Tables 1 and 2 shows that femoral cortical bone has better values of elastic modulus (E2), 
Poisson’s ratio ( 23) and shear modulus (G12 and G23) as compared to the tibiae cortical bone. The values of 
transverse elastic modulus (E2) and longitudinal shear modulus (G12) for femoral cortical bone are found to be 
1.4 to 1.5 times higher as compared to the corresponding values for tibiae cortical bone whereas the values of 
transverse shear modulus (G23) are observed to be 1.1 to 1.6 times higher as compared to the corresponding 
values for tibiae cortical bone. 
In the present study the values of longitudinal shear modulus (as per Table 1) are observed to be 1.2 to 1.6 
times higher as compared to the transverse shear modulus whereas in our previous study (as per Table 2) the 
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values of longitudinal shear modulus were found to be about 1.3 times higher as compared to the transverse 
shear modulus. We have earlier studied the fracture micro-mechanism of buffalo cortical bone [14] and based 
on these observations the higher values of longitudinal shear modulus may be due to the plexiform 
microstructure of buffalo cortical bone where bone lamellae and plane of vascular networks are mainly 
oriented along the long axis of bone. The ratio of transverse elastic modulus to longitudinal shear modulus 
was found to be about 2.1 for both the femoral and tibiae cortical bones. Interestingly the ratio of longitudinal 
shear modulus to transverse shear modulus (G12/G23) and transverse elastic modulus to longitudinal shear 
modulus (E2/G12) for human cortical bone obtained in various studies range from 1.1 to 1.4 and 2.0 to 2.2 
respectively [2-3, 7]. These results show a close resemblance with the results obtained for buffalo cortical 
bone. 
The present study shows that femoral cortical bone has higher values of transverse elastic modulus and 
shear modulus as compared to the tibiae bone in case of buffalo cortical bone and these mechanical properties 
follow the same trend of locational variation in both the cases. 
4. Conclusions 
In the present investigation, uniaxial tensile and Iosipescu shear tests have been applied to find out the 
locational variation in transverse elastic modulus and shear modulus respectively for buffalo femoral cortical 
bone. A comparison of these values was further made with the corresponding values in case of buffalo tibiae 
cortical bone as reported in our previous study. Based on the present investigation following conclusions are 
made; 
1. The values of transverse elastic modulus, Poisson’s ratio and shear modulus are found to be higher 
for femoral cortical bone as compared to the tibiae cortical bone. 
2. The locational variation in these mechanical properties follow the same trend for both femoral and 
tibiae cortical bone. 
3. The maximum and minimum values of transverse elastic modulus and shear modulus are found 
respectively at middle and lower locations of bone diaphysis for both the cases. 
4. The ratio of longitudinal shear modulus to transverse shear modulus and transverse elastic modulus 
to longitudinal shear modulus for buffalo cortical bone are found to be in the same range as for the 
case of human cortical bone in previous studies.  
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